[1] We mapped lava flows on the Tharsis Montes (Arsia Mons, Pavonis Mons, and Ascraeus Mons) using High Resolution Stereo Camera images that centrally transect each shield from north to south, covering $20% of each shield's surface. These data were co-registered to Mars Orbiter Laser Altimeter, Thermal Emission Imaging System, and Mars Orbiter Camera data, enabling lava flow structures and vents to be consistently differentiated across each volcano. Lava flow and vent abundances and relationships are used to provide new insight into the late Amazonian eruptive history of the Tharsis Montes. The volcanoes are divided into their main flanks, rift aprons, and small-vent fields. Where present on the main flanks, channel-fed flows always embay tube-fed flows, indicating a change from long-lived, stable tube-forming eruption conditions to shorter-lived, less stable channel-forming eruption conditions. Superposition relationships suggest that main flank and rift apron development were likely separated by an eruptive hiatus. The rift aprons, as compared to the main flanks, show higher abundances of tube-and channel-fed flows, and embayment of tube-fed flows by channel-fed flows is less consistent. Several trends from the Arsia Mons, to Ascraeus Mons, southwest rift aprons and small-vent fields were identified, including increased tube abundance, median slope, and number of satellitic eruptive vents and a decrease in channel-to tube-fed flow ratios, apron volumes, and maximum apron elevations. These trends suggest that the most recent volcanic activity at the Tharsis Montes might have originated from a single, shared magma source, possibly marking a change in magma production style from main flank construction.
Introduction
[2] The Tharsis Montes, Arsia Mons, Pavonis Mons, and Ascraeus Mons (hereafter referred to as Arsia, Pavonis and Ascraeus), are three large shield volcanoes that form a northeast-trending chain across the Tharsis rise on Mars [Carr et al., 1977; Crumpler and Aubele, 1978] between À20°to 20°N, and 230°to 260°E. Viking Orbiter images were used to produce regional geologic maps covering the shields and their surroundings [Scott and Carr, 1978; Scott et al., , 1981c Scott and Tanaka, 1986; Scott and Zimbelman, 1995] at scales of 1:15M, 1:2M, and 1:1M. Although different styles of lava flow emplacement have long been recognized on Tharsis province volcanoes (e.g., channel-fed versus tubefed) [Carr, 1973; Greeley, 1973; Carr et al., 1977; Greeley and Spudis, 1981; Cattermole, 1987 Cattermole, , 1990 Schneeberger and Pieri, 1991; Sakimoto et al., 1997] limitations in data resolution have hindered consistent differentiation of the resultant lava flow structures in previous mapping campaigns. This distinction is important because different structures form as a result of different eruptive conditions, lava properties, and ambient variables [Greeley, 1977a; Head et al., 1981; Whitford-Stark, 1982] . Thus an understanding of the abundance and distribution of different lava flow types should serve as a geologic framework for understanding basaltic volcanic systems [Head et al., 1981] . Because this framework has yet to be established for Mars, the evolution of the Tharsis Montes and their relationship to the development of the Tharsis province are not clearly understood.
[3] Spacecraft are currently acquiring high-resolution images that now enable new insights into the geological evolution of the Tharsis Montes through mapping of lava flows. A rigorous characterization of eruptive vents and lava flows, and their distribution in time and space is essential for characterizing the volcanic evolution of these shields.
Thus the objective of this work was to investigate the most recent effusive activity at Arsia, Pavonis, and Ascraeus by mapping different eruptive vents and flow structures, and characterizing their stratigraphic relationships and abundances using Mars Express (MEX) High Resolution Stereo Camera (HRSC) [Neukum et al., 2004a] data that are geometrically rectified to the Mars Global Surveyor (MGS) Mars Orbiter Laser Altimeter (MOLA) 128 pixel/degree gridded data record [Smith et al., 1999 [Smith et al., , 2001 [Smith et al., , 2003 ] as our map base. These data are supplemented with MGS Mars Orbiter Camera (MOC) [Malin et al., 1992; Malin and Edgett, 2001] and Mars Odyssey (MO) Thermal Emission Imaging System (THEMIS) [Christensen et al., 2004] data, which together provide unprecedented regional coverage at high resolution across portions of each of the Tharsis Montes, enabling preliminary interpretations of each volcano's recent eruptive history.
Background
[4] The Tharsis Montes are spaced $700 km apart along a northeast-trending lineament within the Tharsis province [Carr et al., 1977; Crumpler and Aubele, 1978] . They were identified as shield volcanoes from analysis of Mariner 9 images McCauley et al., 1972; Carr, 1973] . Each shield volcano is $350 -500 km in diameter with a summit caldera complex rising between 8 and 15 km above the surrounding plains, on the basis of MOLA data analysis [Plescia, 2004] . A developmental sequence for each volcano was established after analysis of Viking Orbiter images ($30 -269 m/pixel) including (1) construction of the main shield, (2) outbreak of eruption centers on the northeast and southwest flanks, (3) subsidence of the summit due to evacuation of a magma chamber, and (4) continued eruption along the northeast and southwest rift zones [Crumpler and Aubele, 1978] . It was suggested that Arsia was the most, and Ascraeus the least, advanced within the sequence, implying that Arsia is the oldest [Crumpler and Aubele, 1978; Plescia and Saunders, 1979; Neukum and Hiller, 1981; Hodges and Moore, 1994] .
[5] Both Mariner 9 [Carr, 1975; Masursky et al., 1978] and Viking-based geologic mapping Tanaka, 1981a, 1981b; Scott et al., , 1981c Scott and Tanaka, 1986; Scott and Zimbelman, 1995] grouped multiple lava flow types on the basis of regional morphological characteristics such as albedo, surface roughness, and clarity of flow margins. The surfaces of these shields are associated with an age of late Amazonian on the basis of crater size-frequency distributions [Plescia and Saunders, 1979; Neukum and Hiller, 1981; Neukum et al., 2004b; Werner, 2005] . Although crater abundances suggest that these surfaces are relatively young, the time period required to build the shields has remained a topic of debate (ranging from billions to potentially as short as millions of years), because of uncertainties about Martian magma production rates Plescia, 2004] . As a result, the time period during which shield building eruptions initiated for each volcano is not well constrained.
[6] Basaltic eruptions typically produce channels or tubes that deliver lava to the flow fronts [Wentworth and Macdonald, 1953; Macdonald, 1956] . Observations of active basaltic flows show that lava tubes tend to form during long-lived, stable eruptions of low-viscosity lavas at low to moderate effusion rates, whereas channels tend to develop during shorter-lived, unstable eruptions of higher viscosity lavas at moderate to high effusion rates [Greeley, 1973 [Greeley, , 1987 Holcomb, 1987; Rowland and Walker, 1990; Peterson et al., 1994; Sakimoto et al., 1997; Kauahikaua et al., , 2003 Heliker et al., 1998; Pinkerton, 1998, 1999; Calvari et al., 2003; Bailey et al., 2006] . The formation of lava tubes increases the potential length of a flow because tube-forming eruptions are typically longerlived, and tubes insulate the lava [Swanson, 1973; Malin, 1980; Keszthelyi, 1995; Sakimoto and Zuber, 1998 ].
[7] The relationship between eruptive conditions and lava flow morphology enabled a determination that Kilauea Volcano, Hawaii, experienced longer-lived, stable eruptions in the Holocene compared to Mauna Loa, which displays fewer tube-fed flows on its current surface [Greeley, 1987; Holcomb, 1987; Lockwood and Lipman, 1987] . Although mapping of lava flows proved useful for understanding other shield volcanoes [Rowland, 1996] , a similar approach has not been systematically applied to the Tharsis Montes because previous data lack a combination of sufficient spatial resolution to resolve different lava flow structures over large areas for regional mapping. However, the recent acquisition of new image data (HRSC, THEMIS, MOC) enable a characterization of the latest effusive activity through lava flow mapping.
Methods
[8] Mapping was conducted along transects through the Tharsis Montes (Figure 1 ) corresponding to HRSC images H1904 (Arsia), H0891 and H0902 (Pavonis), and H0068 (Ascraeus) [Neukum et al., 2004a] . Each image has a width of 60 to 120 km at a resolution between 13 and 25 m/pixel in the nadir filter, and together cover $20% of each shield. Several images include two stereo filters (at half the nadir resolution), and four color filters (at 1/4 nadir resolution), all of which collected data simultaneously, providing an unprecedented combination of high resolution with regional coverage [Neukum et al., 2004a] . Using the Video Image Communication And Retrieval (VICAR) software package (http://www-mipl.jpl.nasa.gov/external/vicar.html) (modified by the German Aerospace Center (DLR)), we projected each image into a sinusoidal, orthographic projection with central meridians of 239.5°(Arsia), 247.7°(Pavonis), and 255.5°(Ascraeus). We projected THEMIS and MOC images with the Integrated Software for Imagers and Spectrometers (ISIS) software (http://isis.astrogeology.usgs.gov/ index.html) into the same projection. We used ArcGIS 9.1 by ESRI (Environmental Systems Research Institute, Inc.) to place the MOLA grid in a corresponding projection. Well established criteria for mapping lava flow types on Mars and Earth [Carr, 1973; Greeley, 1973 Greeley, , 1987 Carr et al., 1977; Carr and Greeley, 1980; Greeley and Spudis, 1981; Holcomb, 1987; Mouginis-Mark et al., 1992; Morris and Tanaka, 1994; Rowland, 1996] served as our basis to map lava tubes, leveed channels, and eruptive vents (Figure 2 ).
[9] We used the GIS software to derive volcano volume and slope [Burrough and McDonell, 1998; Longley et al., 2001 ] from the MOLA topography data. This enables an [10] To determine unit abundances we normalized each unit's surface area to the total map area, enabling a comparison of the abundance of each unit among the Tharsis Montes. We used superposition relationships to provide insight into the sequence of unit emplacement and possible evolution in eruptive style. We synthesized the distribution of flow types among the volcanoes, their relationship to topography, and relative ages to identify trends that might be related to the possible evolution of each volcano. We compare our results for the Tharsis Montes to similar work for the Hawaiian shields to identify any comparable trends that might provide insight into magma production and tectonic setting within the Tharsis province.
Results

Unit Descriptions
[11] We divide the lava flow maps into three zones (Figure 3 ), including the (1) main flanks, (2) rift aprons (symmetric apron of Plescia [2004] ), and (3) small-vent fields (linear apron of Plescia [2004] ), of which the rift apron and small-vent fields are comparable to the satellitic shields described by Crumpler and Aubele [1978] . Each zone is composed of a combination of 10 primary map units, of which several were modified producing an additional 2 terrains. These units were defined and characterized using the mapping approach outlined above (Figure 2 ), including the (1) channel-fed flow unit, (2) tube-fed flow unit, (3) raised ridge unit, (4) tabular unit, (5) fissure-fed flow unit, (6) low shield unit, (7) cone unit, (8) mottled unit, (9) hummocky unit, (10) smooth unit, (11) a collapse terrain, and (12) a channel network terrain. The caldera floors of each shield were omitted from this study. The channel-fed flow, tube-fed flow, raised ridge, tabular, mottled, hummocky, and smooth units as well as the collapse terrain are similar to the units of the same name that were mapped on Olympus Mons , for which the channel-and tube-fed flow units are also described by Basilevskaya et al. [2006] and Pupysheva et al. [2006] .
[12] The channel-fed flow unit is typified by sub-parallel linear channels often displaying levees (Figure 2a ). This unit is inferred to be composed of individual channel-fed lava flows, which in many cases overlap to form channelfed flow fields as are often observed on terrestrial shield volcanoes. The tube-fed flow unit (Figure 2b ) is identified by the presence of sinuous chains of collapse pits inferred here to be skylights (e.g., a partially collapsed lava tube roof), which are gradational with sinuous trenches (e.g., a completely collapsed lava tube roof), as is seen on Earth. These structures are often axial to a raised ridge, but also occur within relatively flat terrain. The tube-fed flow unit includes smooth to mottled surfaces adjacent to the collapses, encompassing the ridges where present, and is inferred to represent individual lava tubes and associated lava tubefed flow fields. The raised ridge unit is similar to the tubefed flow unit (Figure 2c ), but lacks collapses. This unit consists of a sinuous to linear ridge, or a generally linear grouping of topographic mounds, and is inferred to represent inflated tumuli [Glaze et al., 2005] or chains of rootless vents [Bleacher, 2007] associated with a lava tube. The tabular unit (Figure 2d ) shows relatively smooth surfaces bound by lobate margins. This unit is inferred as the distal margins of channel-or tube-fed flows that cannot be linked to the channel-or tube-fed flow unit, or lava flows emplaced as sheets.
[13] The fissure-fed flow unit (also described by MouginisMark and Christensen [2005] ) displays a linear trench [Crumpler and Aubele, 1978] , our maps do not cover those regions and are therefore not shown in the figure. Map zone boundaries are inferred from a combination of mapping conducted in this project and past geologic maps.
generally a few to tens of km long (Figure 2e ). Trenches are associated with a topographic rise, in some cases showing rims up to 100 m in height that are likely composed of spatter or cinders, and are inferred to represent linear eruptive vents. The low shield unit is typified by a rise with a central peak ( Figure 2f ) up to 35 km across and 100 to 200 m high. This unit is inferred to represent low profile, eruptive point sources, or low shields, as described for the Eastern Snake River Plain by Greeley [1977b Greeley [ , 1982 , which display aspect ratios (height-to-width) roughly an order of magnitude less ($0.01) than those of the Hawaiian shields ($0.20) . Included in the low shield and fissure-fed flow units are channel-, tube-, and tabular/sheet-fed flows, which built each edifice. The margins of both units are estimates based on the morphology of lava flows and on MOLA topographic boundaries as was discussed by Sakimoto et al. [2003] . However, the boundaries shown in this work might not represent the true extent of lavas erupted from the associated vent area as earlier, possibly more voluminous and longer flows might have been covered by shorter, lower-volume flows erupted from the same source, the latter of which essentially produced the topographic cap of each vent. The cone unit, also typified by a topographic rise with a central peak, is on the order of one kilometer across. Although these features are too small to calculate slope values from MOLA data, they appear to display steeper slopes than the low shield unit (Figure 2g ). This unit is inferred to represent cinder or spatter cones for which no associated lava flow fields were identified.
[14] The mottled unit ( Figure 2h ) is typified by a rough surface at a horizontal scale of tens to hundreds of meters displaying mounds inferred to be only a few meters high on the basis of MOC image analysis. Inferred to be of similar vertical scale to the mottled unit is the hummocky unit, displaying a smooth surface with broad undulations at the horizontal scale of a few kilometers (Figure 2i ). Both the mottled and hummocky units lack clear margins, and are often gradational with other units. Whereas the mottled and hummocky units show hilly surfaces at different horizontal scales, the smooth unit lacks flow margins and any clear surface texture (Figure 2j ).
[15] Several of the units identified in this project were heavily modified, creating two additional terrains. The collapse terrain (Figure 2k ) is typified by chains of ovoid depressions that in some cases form smooth-floored trenches. These features generally display no raised rims, and therefore are considered to represent collapse, rather than impact structures. The channel network terrain, also discussed by Mouginis-Mark and Christensen [2005] , is composed of channels similar to the channel-fed flow unit in scale, but lack distinct levees while forming branching networks of varied depths ( Figure 2l ). This terrain tends to originate from fissures and has less easily defined margins than the channel-fed flow unit.
Unit Abundances and Relationships
[16] Within our map areas all three zones, the main flank, rift apron, and small-vent field (Figure 3) , are present at Ascraeus and Pavonis, but no small-vent field was identified at Arsia. The main flanks are dominated by the hummocky and mottled units, which cover between 60 and 70% of the mapped surface at Ascraeus and Pavonis, and $50% of the mapped surface at Arsia. Nearly 45% of the mapped Arsia main flank is composed of the collapse terrain. The main flanks of the Tharsis Montes display tube-and channel-fed flow unit abundances of 1% and 4% (Arsia), 2% and 16% (Pavonis), and 5% and 21% (Ascraeus), respectively. When in contact, tube-fed flow fields on the main flanks are typically buried by younger channel-fed flow fields. The only identified cones in this study are located on the main flank of Pavonis near the apex of the southwest rift zone. The median slopes of the Tharsis Montes main flanks are 4.3°( Arsia), 3.8°(Pavonis), and 4.6°(Ascraeus), respectively.
[17] Lava flows within the mapped areas of the rift aprons appear to originate within and trend away from large alcoves that are located along the main flank/rift apron boundary (the satellitic calderas of Crumpler and Aubele [1978] ). Where in contact, rift apron lava flows embay the distal main flanks of each shield. No obvious vent structures are observed within the southwest alcoves (except for the Pavonis cones, which do not appear to have produced lava flow fields). As noted by Plescia [2004] , the aprons trend S21°W (Arsia), S31°W (Pavonis), and S25°W (Ascraeus), roughly parallel to the trend of the Tharsis Montes. The maximum elevation of lava flows within the rift aprons (as determined from MOLA data) decreases to the northeast from $12.5 km (Arsia), to $9.3 km (Pavonis), to $8.5 km (Ascraeus). In general, lava flows within the rift aprons appear crisper, with more easily identifiable flow margins, than their counterparts within the main flanks. Both the tube-and channel-fed flow units are more abundant within the rift aprons than within the main flanks, comprising 9% and 39% (Arsia), 12% and 47% (Pavonis), and 16% and 31% (Ascraeus) of the mapped rift aprons, respectively. The remaining surface area is composed of the mottled unit and rarely (<4%) the tabular unit. In the rift aprons, tube-fed flows are not consistently embayed by channel-fed flows. The median slopes of the Tharsis Montes southwest rift aprons are 0.8°(Arsia), and 1.0°(Pavonis, Ascraeus), with slopes increasing slightly toward the apron apex as noted by Mouginis-Mark [2003] .
[18] Generally superposed over the southeastern portions of the Pavonis and Ascraeus rift aprons are small-vent fields. Each plains-style [Greeley, 1977b [Greeley, , 1982 volcanic field is composed of at least 30 low shield and fissure vents. Lava flows between the low shields and fissures were emplaced via a combination of lava tubes and extensive sheets, which we assume to have been erupted from the low shields and fissures. These intravent flows coalesce with the vent structures maintaining median slopes of 0.4°(Pavonis) and 0.3°(Ascraeus). Low shields within the Pavonis map comprise two prominent lineaments with trends that transition from S5°W to S15°W distally from the main flank. The axis of the Ascraeus small-vent field is composed of a lineament of low shields and fissures that show a similar change in orientation from S5°W to S20°W.
[19] Except for several channel-fed flow fields on Ascraeus [Hiesinger et al., 2005 [Hiesinger et al., , 2007 and Arsia, which are truncated by the caldera, the proximal regions of the lava flow fields are buried by younger flows or merge with the hummocky and mottled units. Superposition relationships between flows within the main flanks and rift aprons suggest that distal flows are older than proximal flows, in agreement with previous mapping Tanaka, 1981a, 1981b; Scott et al., , 1981c Scott and Tanaka, 1986; Scott and Zimbelman, 1995] . Within the Pavonis small-vent field, flows associated with low shields tend to embay fissure-fed flow fields, but there is no clear trend in age determined from embayment relationships between the flows of the low shields themselves. Although the small-vent fields are generally superposed on the rift aprons, some younger flows within the rift aprons drape onto the small-vent fields' northern and western margins.
[20] Volumes for the Tharsis Montes, and the parts comprising them, were derived from MOLA data and are comparable to the previously published values of $10 15 m 3 [Smith et al., 1999; Plescia, 2004] . The southwest rift apron of Arsia has an estimated volume of $7 Â 10 14 m 3 . The rift aprons, including the small-vent fields, of Pavonis and Ascraeus are nearly an order of magnitude less voluminous at $9 Â 10 13 m 3 .
5. Discussion
Unit Origins
[21] The channel-fed, tube-fed, raised ridge and tabular units are inferred to be composed of lava flows and flow fields. Within the main flanks these flows appear to have originated from, or near the summit as no other vent structures were found in this study. The low shield, fissure-fed flow, and cone units are inferred to be volcanic vents, and when present, their associated lava flows. Cones are only present within the Pavonis main flank, and do not appear to be related to lava flows. The low shield and fissure-fed flow units appear to have been the source vents for channel-, tube-, and sheet-fed flows. These units are composed of flows that trend directly toward the vent, for which their distal margins are often closely related to a break in slope between the vent's flank and the adjacent intravent flow fields. However, we suggest that the flows comprising each mapped vent, and the intravent flow fields which they embay, were all erupted from the low shields and fissures. This superposition relationship suggests that these vents generally experienced a decrease in flow length with time and that any width or volume calculations should be conducted with caution. Whereas the channel-fed flow unit is the dominant flow unit within the main flanks and rift aprons, the tabular unit is most abundant in the small-vent fields where the median slope is <1°. The low slope in this region likely had an influence on the development of sheetover channel-fed flows.
[22] The mottled unit covers significant portions of the main flanks and rift aprons. This unit is often transitional with both the channel-and tube-fed flow units, and its surface texture is similar to the surface that comprises the raised ridge and tube-fed flow units. On the basis of these similarities, we suggest that the mottled unit might in part represent tube-fed flow fields for which neither skylights nor ridges are detectable. However, in some cases, MOC images show that the mottled unit is composed of lava channels that are smaller than the detection limit of HRSC and THEMIS, and/or lava channels showing a significant aeolian dust and/or volcanic ash cover.
[23] The Tharsis Montes main flanks are dominated by the hummocky unit, as is the summit of Olympus Mons . The relatively smooth surface might result in part from caldera spillover lacking in channels and tubes, similar to that seen at Kilauea [Holcomb, 1987] . However, thermal inertia values derived from both the Thermal Emission Spectrometer (TES) and THEMIS infrared data suggest that this region is covered by a mantle of dust-sized particles [Bandfield et al., 2000; Mellon et al., 2000; Ruff and Christensen, 2002; Fergason et al., 2006; Nowicki and Christensen, 2007] . The possible presence of pyroclastic (as previously suggested for the Tharsis province [Edgett, 1997; Edgett et al., 1997; Mouginis-Mark, 2002] ) and/or aeolian deposits could partly mask the presence of underlying lava flow structures, producing a relatively smooth surface.
[24] The Arsia main flank includes large areas of the collapse unit, which is similar to the chaos depressions described by Basilevsky et al. [2005] on the western margin of Olympus Mons. They attribute chaos depression formation to collapse resulting from melting of ice deposits held in volatile-rich, dust and pyroclastic layers that in some places produce a smooth surface. Furthermore, at lower elevations on the western Arsia flank, outside of our map area, extensive volatile-rich deposits are suggested to have accumulated in the Amazonian [Head and Marchant, 2003; Shean et al., 2007] . Mass movements within the Arsia alcoves (Figure 4) , which are lacking at the other Tharsis Montes, might have formed more easily here due to the presence of weakly consolidated layers interbedded with the lava flows. The possible presence of friable deposits contributing to alcove wall collapse, a similar relationship between the hummocky unit and collapses at Arsia and 
BLEACHER ET AL.: EFFUSIVE TRENDS AT THE THARSIS MONTES
Olympus Mons [Basilevsky et al., 2005] , and the inferred accumulation of ices adjacent to our map area [Head and Marchant, 2003; Shean et al., 2007] leads us to suggest that the hummocky unit likely resulted from the accumulation of frozen volatiles, aeolian dust, and/or volcanic ash, which produced a broad, smooth unit with slight topographic undulations (at the horizontal scale of kilometers) that overlies the pre-existing Arsia main flank lava flows.
[25] The channel network terrain appears to have formed as a result of erosion. Similar structures are previously suggested to have been eroded by liquid volatiles [Carr, 1981 [Carr, , 1996 Baker, 1982; Mouginis-Mark, 1985 Wilson, 1998, 1999; Burr et al., 2002; Mouginis-Mark and Christensen, 2005; Fassett and Head, 2006] , and fluid lavas Mouginis-Mark, 1984, 2001; Leverington, 2004; Williams et al., 2005] . The channel network terrain commonly originates along fissures, which could be the source region for either erosive material. Continued mapping of the channel network terrain with higher resolution images should provide insight into its origin.
Trends
[26] Within the main flank zones in our mapped areas, most of the channel-and tube-fed flow units are embayed by the hummocky unit where they are in contact. Less common are younger lava channels that overlie the hummocky unit and are truncated by the caldera in their proximal region. Although some tube-fed flows embay older channel-fed flows, there are no examples of tube-fed flows that are entirely unembayed by channel-fed flows, suggesting that the surface flows record a complex emplacement history, but that in general a transition from tubeand channel-to strictly channel-forming eruption conditions occurred. A similar transition is suggested to have occurred at Olympus Mons , and Cattermole [1987 Cattermole [ , 1990 , Schneeberger and Pieri [1991] , and Ivanov and Head [2006] have identified changes in late-stage eruptive dynamics at Alba Patera. The ratio of the channelto tube-fed flow units range from 4:1 (Arsia and Ascraeus) to 8:1 at Pavonis. The collapse terrain cuts all other units on the main flanks of the Tharsis Montes.
[27] The rift aprons were previously recognized to embay the main flanks [Carr et al., 1977; Crumpler and Aubele, 1978; Greeley and Spudis, 1981] . Our mapping confirms that no lava flows from the main flanks embay lava flows of the rift aprons [Crumpler and Aubele, 1978] , nor do they drape into the collapse terrain. Within the rift aprons several trends were identified across the Tharsis Montes chain (Table 1 ). The maximum elevation of rift apron units decreases from 12.5, to 9.3, to 8.5 km (Arsia to Ascraeus respectively), and the estimated apron volume decreases from $7 Â 10 14 m 3 to $9 Â 10 13 m 3 . Median slope increases slightly from 0.8°at Arsia to 1.0°at Pavonis and Ascraeus. The abundance of the tube-fed flow unit increases from 9%, to 12%, to 16%, while the channel-to tube-fed flow unit ratios decrease from 4.3, to 3.8, to 2.0 from Arsia to Ascraeus, respectively. Most tube-fed flows in the Arsia rift apron are embayed by younger channel-fed flows. However, unembayed tube-fed flows are common within the Pavonis and Ascraeus rift aprons.
[28] The development of the small-vent fields appears to be the most recent effusive event. Arsia lacks a small-vent field associated with its southwest rift apron, but does contain a chain of low shields superposed on its late Amazonian -aged caldera floor [Carr et al., 1977; Crumpler and Aubele, 1978; Mouginis-Mark, 2003 ]. The Pavonis small-vent field is generally superposed over the southeast portion of the rift apron. Several channel-fed flows from the rift apron drape over the small-vent field, but most are truncated by flows of the small-vent field. This superposition relationship attests to the coeval development of the two zones, although the majority of Pavonis flows comprising the small-vent field are younger than the flows of the rift apron. The Ascraeus small-vent field displays a less clear superposition relationship with the adjacent rift apron. Within our map area, the closest vent structures are nearly 120 km from the main flank extending out to at least 430 km, and the apron axes display the highest density of vents within the respective rift aprons.
Sequential History
[29] The previously established developmental sequence for the Tharsis Montes [Crumpler and Aubele, 1978] includes main edifice construction through eruption of basaltic lavas at the summit, followed by eruptions along linear vents (rift zones) on the northeast and southwest portions of the main flanks [Carr, 1973; Greeley, 1973; Carr et al., 1977; Greeley and Spudis, 1981] . Crater counts [Plescia and Saunders, 1979; Neukum and Hiller, 1981; Werner, 2005] support the suggestion by Crumpler and Aubele [1978] that the last stage of the developmental sequence involved resurfacing in the late Amazonian. Although we cannot determine the depth of deposits or total volume of erupted material during the late Amazonian eruptive sequence, our mapping over $20% of each shield is used to infer new insight into the eruptive dynamics at the Tharsis Montes during this time period.
[30] Crumpler and Aubele [1978] state that while main flank construction and parasitic shield (hereafter referred to as rift apron) development might have occurred concurrently, rift apron development likely postdates major shield building. However, the amount of time, if any, that passed between these two major Tharsis Montes events remains Median slope and abundance of the tube-fed flow unit increase from Arsia to Ascraeus, while the channel-versus tube-fed flow unit ratios, rift apron volumes, and the maximum elevation at which flows within the rift aprons were identified all increase across the chain.
in question. Our mapping shows a consistent embayment of main flank lava flows by rift apron flows as seen by Crumpler and Aubele [1978] . Furthermore, we identified no instances of embayment of the collapse terrain by main flank lava flows; whereas embayment relationships suggest that rift apron lava flows were emplaced synonymously with collapse terrain formation. These superposition relationships suggest that main flank development, at least in the distal margins, was complete before collapse terrain formation and rift apron eruptions began, supporting Crumpler and Aubele's [1978] conclusions.
[31] Recent tectonic mapping of the Tharsis Montes [Byrne et al., 2007] show that previously recognized terraces [Carr et al., 1977] are potentially more extensive than originally thought on the main flanks, but are not present within the rift aprons. Although the mechanisms responsible for the formation of these features are currently a source of debate [Carr et al., 1977; Thomas et al., 1990; McGovern and Solomon, 1993; Morgan and McGovern, 2005] , they are thought to be slow acting. Byrne et al. [2007] note that whatever the mechanism(s) of formation for flank terraces, they must have occurred late in the volcano's development, or occurred repeatedly throughout its construction so as not to be buried by younger volcanic deposits. On the basis of our mapped superposition relationships, and because slow forming terraces are present on the main flank, but never formed within or were completely buried by younger rift apron flows, we suggest that the transition from main flank to rift apron development was associated with an eruptive hiatus at each of the Tharsis Montes.
[32] Main flank superposition relationships also indicate that through time, shorter lava flows, and higher abundances of channel-fed flows relative to tube-fed flows were emplaced, followed by the emplacement of the hummocky unit, and later by the emplacement of less extensive channelfed flows from the summit. The origin of the hummocky unit is important for understanding the recent eruptive history. If it is composed of volatiles and aeolian dust, then late Amazonian main flank resurfacing was dominated by aeolian processes following emplacement of the majority of main flank flows. In contrast, if caldera overflow and/or volcanic ash deposition formed the hummocky unit then it represents a stage of the main flank eruptive sequence between the emplacement of the bulk of main flank lava flows and the more recent emplacement of less extensive lava channels. Continued mapping of the Tharsis Montes as well as analysis of higher resolution data, such as those currently returning from the HiRISE camera [McEwen et al., 2007] might better reveal the nature of this unit.
[33] The rift aprons appear to be the source region for some of the longest traceable channel-fed flows on Mars [Zimbelman, 1985 [Zimbelman, , 1998 Baloga et al., 2003; Glaze and Baloga, 2006; Garry et al., 2007] . However, superposition relationships indicate that flow lengths decreased with time as is seen on the main flanks, and on Hawaiian volcanoes. Unlike the main flanks, the rift aprons do not show a consistent embayment relationship between the channeland tube-fed flow units. The Arsia southwest rift apron is more voluminous than the other Tharsis Montes rift aprons, and is associated with the development of a linear group of low shields across the caldera floor [Carr et al., 1977;  Crumpler and Aubele, 1978; Mouginis-Mark, 2003].
Pavonis and Ascraeus do not display rift-related eruptive vents at their summits, but developed fields of low shields, fissures, and associated flow fields. On the basis of the superposition relationships between the two zones at Pavonis and Ascraeus, it appears that the small-vent fields formed synonymously with the end of rift apron eruptions at each volcano.
[34] The late Amazonian eruptive sequence for the Tharsis Montes, derived here from a combination of lava flow and tectonic mapping, and comparison with the trends seen at the Hawaiian volcanoes, comprise (1) eruptions within the main flanks, including emplacement of channel-and tube-fed flows from the main flank summit, transitioning to dominantly channel-fed flows of decreasing length, transitioning to or followed by emplacement of the hummocky unit, and later less extensive channel-fed flows that embay the hummocky unit, (2) eruptions within the rift aprons, including formation of the collapse terrain synonymously with emplacement of channel-and tube-fed flows within the rift aprons, while lava flows appear to have decreased in length with time within each zone, and (3) development of fields of small eruptive vents up to several hundred kilometers from the main flanks at Ascraeus and Pavonis, and within the summit caldera at Arsia, both coevally and subsequent to the emplacement of lava flows within the rift aprons.
[35] The trends across the Tharsis Montes (Table 1 ) are similar to several trends seen among the Hawaiian shield volcanoes where long-lived, voluminous eruptions of tholeiitic lavas, physically buffered from below the magma chamber, produce more tube-fed flows in the early stages of shield development while experiencing the highest magma production rates. A transition to shorter-lived, unbuffered eruptions of alkalic lavas associated with decreased magma production rates due to plate motion causes an increase in lava channel development and increased flank slopes [Greeley, 1987; Holcomb, 1987; Lockwood and Lipman, 1987; Moore and Mark, 1992; Rowland and Garbeil, 2000; Bleacher and Greeley, submitted manuscript, 2007] . In the later stages of development, continued decrease in magma production results in smaller, isolated bodies of magma, some of which ascend to the surface resulting in the late stage development of small, parasitic eruption vents [Wolfe et al., 1997] . Comparison to the Hawaiian shields, an ageprogressive chain of shield volcanoes linked to a common magma source, suggests that the late Amazonian eruptive sequence at the Tharsis Montes might have resulted from a common magma source that shows a decrease in magma production through time.
Implications
[36] The Tharsis Montes are located northwest of the topographic center of the Tharsis province [Smith et al., 1999] , a volcanic rise that spans 4,500 km across the western hemisphere of Mars. The province includes an array of volcanic features including seven partly buried shield volcanoes, lava plains including clusters of low shields and fissure vents [Mouginis-Mark et al., 1992; Hodges and Moore, 1994] , and a wide variety of tectonic features, including radial grabens, and circumferential wrinkle ridges [Tanaka et al., 1991; Banerdt et al., 1992] , with ages spanning much of the history of the planet. Detailed mapping of the tectonic features led Anderson et al. [2001] to determine that the structures formed during at least five major episodes throughout the history of the Tharsis province, decreasing in intensity through time [Plescia and Saunders, 1982; Mège and Masson, 1996; Wilson and Head, 2002] . Anderson et al. [2001 Anderson et al. [ , 2004 suggest that each episode represents a broad magmatic-driven tectonic event, associated with a large mantle upwelling, the emplacement of radial dikes and fractures, extensive lava flow fields, and small-vent fields.
[37] Carr [1974] noted that the observed tectonic features radial to the Tharsis Montes do not match the expected pattern if each shield is considered as an independent source of regional stress. However, subsequent mapping showed that late Amazonian features match well with a single tectonic center under the Tharsis Montes chain [Plescia and Saunders, 1982; Mège and Masson, 1996; Anderson et al., 2001; Wilson and Head, 2002] . Our lava flow mapping has revealed several trends across the Tharsis Montes that when compared to the Hawaiian volcanoes also suggest that eruptions at all three volcanoes might be linked to a single source. If the event responsible for the development of late Amazonian tectonic features radial to the Tharsis Montes is the result of a single magmatic upwelling, then the late Amazonian eruptive sequence described above for the Tharsis Montes should also be linked to this single potential magma source.
[38] The following discussion includes only the late Amazonian sequence at the Tharsis Montes, which themselves are thought to be much older [Plescia and Saunders, 1979; Neukum and Hiller, 1981, Neukum et al., 2004b; Werner, 2005] . As such we assume that the main flanks of each volcano, and possibly the rift zones, developed prior to emplacement of the late Amazonian lava flows. If these eruptions are linked to one magma source, then the morphologic trends listed in Table 1 are likely related to the order of magma delivery to each volcano relative to the lifespan of the upwelling ( Figure 5 ). Ascending magma produced above a large magmatic upwelling beneath the Tharsis Montes might have preferentially followed previously established, permanent low-viscosity zones associated with each shield, as are suggested to exist by as a result of episodic magma rise throughout the development of each shield. If the upwelling originated near Arsia, the largest volume of magma would likely be delivered there first (Figure 5a ). Some amount of magma reached the summit, possibly emplacing channel-fed flow fields over the hummocky unit and resurfacing the caldera floors. However, these flows did not reach the distal portions of the main flank and are much smaller in length (and presumably volume) than the lava flows that resurfaced the rift aprons during the same time period. Most of the magma appears to have been erupted through the rift zones, thereby resurfacing the rift aprons with a combination of channel-and tube-fed flows for which no clear embayment relationship exists at the two northern shields, as is seen at younger Hawaiian volcanoes.
[39] As the upwelling impinged upon the lithosphere, the melt zone (suggested by Mège and Masson [1996] to be on the order of 1000 km in diameter or greater) would likely have spread out (Figure 5b ), thereby beginning to deliver magma to Pavonis and later to Ascraeus and potentially producing the trends that we identified in our mapping. Although our results do not support, nor refute, the possibility of plume migration on Mars, the lava flow trends at the Tharsis Montes (which at Hawaii are attributed to a moving plate over a stationary magma source) might also be explained by migration of the magma source underneath a stationary plate (Figure 5c ). Terrestrial plumes are thought to be stationary with respect to the faster moving lithospheric plates, but likely move up to several mm/yr [Courtillot et al., 2003] . Therefore the possibility of melt zone movement beneath the crust, which has previously been mentioned as a possibility for Mars [Anderson, 1988; Mège and Masson, 1996] should at least be considered when attempting to interpret eruptive sequences in the Tharsis province. Whether a result of melt zone spreading, migration, or both, lava flow trends suggest that magma delivery started at Arsia first and subsequently occurred toward the northern shields. As magma delivery progressed to the north, small batches of magma ascended, possibly along preexisting fractures that were produced during previous events (such as the north trending features of Claritas Fossae [Anderson et al., 2001] ) or as the last stages of magma ascension at each shield. These smaller batches of magma could have formed small eruptive vents such as the low shields and fissures that together form the small-vent fields [Hughes et al., 2005] , which do not parallel the orientation of the Tharsis Montes or the rift aprons.
[40] Similar volcanic deposits, including extensive channel-, tube-, and sheet-fed flow fields, and clusters of small vents, as well as radiating tectonic features are also present at Syria Planum [Hodges and Moore, 1994; Sakimoto et al., 2003; Anderson et al., 2004; Schupack and Sakimoto, 2006; Baptista et al., 2006 Baptista et al., , 2007 , a site also suggested to have experienced a large magmatic upwelling [Anderson et al., 2001 [Anderson et al., , 2004 . The occurrence of similar volcanic and tectonic features at Syria Planum, presumably related to a magmatic upwelling, supports the hypothesis that a similar, shared magma source beneath the Tharsis Montes is responsible for the late Amazonian -aged volcanics and tectonics.
[41] Comparison with the Hawaiian volcanoes shows that as magma production decreases and eruption conditions change at shield volcanoes the abundance of tube-fed flows decreases, resulting in their embayment by younger channelfed flows. A similar trend is seen at Arsia. However, the younger shields to the north, where magma would have been delivered later, show this relationship less clearly. The lava flow relationships related to volcano age suggest that the development of channel-fed flows did not reach a volume large enough to bury the previously emplaced tube-fed flows, or that the eruptive sequence is not yet complete at the northern Tharsis Montes. As magma production waned at each of the volcanoes the number of eruptive vents increased, producing low shields in the caldera of Arsia [Crumpler and Aubele, 1978; MouginisMark, 2003 ] and plains-style [Greeley, 1977b [Greeley, , 1982 volcanic fields at greater distances from the main flanks at Pavonis and Ascraeus.
[42] The lava flow mapping conducted in this study is a preliminary analysis of the late Amazonian eruptive sequence for the Tharsis Montes based on one transect for each shield that sampled the main flanks, southwest rift aprons, and small-vent fields. and show that lateral dike emplacement, which is typical of rift zone activity [Walker, 1999] , is expected during buffered eruptions of basaltic volcanoes. The Tharsis Montes are clearly related to a northeast trending structural pattern [Carr et al., 1977; MouginisMark et al., 1992] that likely also controlled the development of the rift zones. However, while deep structural patterns can control rift zone development [Walker, 1999] , note that lateral migration of dikes might be expected in any direction. Continued mapping is required to assure that the observed trends are not a result of sampling bias. Complete mapping of each shield and its surroundings should show if regional tectonics have restricted the development of rift zones solely to the northeast and southwest flanks, as well as enabling a more accurate understanding of the unit relationships between the hummocky unit and the younger channel-fed flows.
Conclusions
[43] The Tharsis Montes each display a main flank dominantly constructed by emplacement of lava flow fields Figure 5 . Stylized cross sections derived from MOLA data showing a conceptual large mantle upwelling impinging upon the lithosphere beneath the Tharsis Montes. In this scenario, (a) initial magma delivery occurs at Arsia along an existing, low-viscosity zone beneath the shield, and lavas are erupted through the established rift zones. (b) As the upwelling impinges on the lithosphere, it spreads out and begins to deliver magma to Pavonis. (c) Continued spreading and/or possible migration of the melt zone toward the northeast initiates magma delivery to Ascraeus as the magma supply to Arsia begins to taper off. Small magma bodies might ascend along previously developed crustal fractures or along radial dikes, thereby forming low shields and fissure vents.
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BLEACHER ET AL.: EFFUSIVE TRENDS AT THE THARSIS MONTES from summit eruptions, and lava aprons to the southwest and northeast, constructed by emplacement of lava flow fields erupted along northeast-trending rift zones prevalent through all three shields [Crumpler and Aubele, 1978] . Lava flow mapping of HRSC, THEMIS, MOC, and MOLA data conducted in this study provide insight into the eruptive history of this volcanic chain. The main flanks show a transition from tube-to channel-forming eruption conditions (which at Hawaii are related to a decrease in magma production), followed by the emplacement of the hummocky unit, which is likely composed of frozen volatiles, dust, and/or pyroclastics, all of which were previously suggested to exist across the Tharsis Montes. The rift aprons show an increase in tube-fed flow abundances, number of eruptive vents, and rift apron slope, and a decrease in the ratios of the channel-to tube-fed flow units, rift apron volume, and maximum elevation of rift apron units, from Arsia through Pavonis to Ascraeus. These trends suggest that the late Amazonian eruptive sequence across the Tharsis Montes possibly resulted from a shared magma source that first delivered magma to Arsia, then Pavonis, and finally Ascraeus, as similar trends are known to exist at the Hawaiian shields due to plate motion over a shared source.
[44] On the basis of comparison with the established tectonic history of the Tharsis province, it appears that the previously constructed Tharsis Montes were located above a late Amazonian magmatic upwelling that occurred synchronously with volcanic resurfacing of the shields. Episodic activity associated with previous Tharsis province upwellings likely established permanent, low-viscosity zones beneath each shield , which could have served as the easiest pathway for ascent of magmas derived from the most recent magmatic-tectonic event. Syria Planum, resulting from an older Hesperian convective upwelling, shows development of small-vent fields, extensive lava flow fields, and radiating tectonic features. The same morphologies are shown across the Tharsis Montes, where extensive lava flow fields appear to have transitioned to low shield and fissure development. The primary difference between upwellings at Syria and the Tharsis Montes is the presence of the previously constructed shield volcanoes.
[45] The conceptual model presented here relates our preliminary mapping results, showing late Amazonian trends in effusive activity between the Tharsis Montes, to the presumed magmatic-driven tectonic history of the province during the same time period. Even if the most recent volcanic resurfacing of the Tharsis Montes was not initiated by the large magmatic upwelling responsible for the development of the tectonic features radial to the chain, the overlap in time and space between the most recent tectonic episode and eruptions at these shields suggests that this major Tharsis province event likely influenced to some degree the style of eruption along the Tharsis Montes rift zones in the late Amazonian.
[46] One issue of interest for future work is the mechanism of formation for the extensive rift zones prevalent across the Tharsis Montes chain with regard to the processes responsible for the formation of the main flanks. The shields are clearly related to a northeast trending structural pattern [Carr et al., 1977; Mouginis-Mark et al., 1992] that likely also controlled the development of rift zones. However, it is not clear why the Tharsis Montes transitioned from main shield construction to major rift apron development while other volcanoes, such as Olympus Mons, do not appear to have experienced a similar transition. If late stage volcanism across the Tharsis Montes is related to a single large magmatic upwelling emplaced over previously formed shield volcanoes, then late Amazonian volcanic and tectonic activity in this area could represent a different style of magma production and eruption style than was responsible for main flank formation.
